On the predictability of volcano-tectonic events by low frequency seismic noise analysis at Teide-Pico Viejo volcanic complex, Canary Islands by M. Tárraga et al.
Nat. Hazards Earth Syst. Sci., 6, 365–376, 2006
www.nat-hazards-earth-syst-sci.net/6/365/2006/
© Author(s) 2006. This work is licensed
under a Creative Commons License.
Natural Hazards
and Earth
System Sciences
On the predictability of volcano-tectonic events by low frequency
seismic noise analysis at Teide-Pico Viejo volcanic complex, Canary
Islands
M. T´ arraga1, R. Carniel2, R. Ortiz1, J. M. Marrero1, and A. Garc´ ıa1
1Departamento de Volcanolog´ ıa, Museo Nacional de Ciencias Naturales, CSIC, C/Jos´ e Gutierrez Abascal 2, 28006, Madrid,
Spain
2Dipartimento di Georisorse e Territorio, Universit` a di Udine, Via Cotoniﬁcio, 114, 33100 Udine, Italy
Received: 1 December 2005 – Revised: 23 February 2006 – Accepted: 4 March 2006 – Published: 15 May 2006
Abstract. The island of Tenerife (Canary Islands, Spain), is
showing possible signs of reawakening after its last basaltic
strombolianeruption, dated1909atChinyero. Themaincon-
cern relates to the central active volcanic complex Teide –
Pico Viejo, which poses serious hazards to the properties and
population of the island of Tenerife (Canary Islands, Spain),
and which has erupted several times during the last 5000
years, including a subplinian phonolitic eruption (Monta˜ na
Blanca) about 2000 years ago. In this paper we show the
presence of low frequency seismic noise which possibly in-
cludes tremor of volcanic origin and we investigate the feasi-
bility of using it to forecast, via the material failure forecast
method, the time of occurrence of discrete events that could
be called Volcano-Tectonic or simply Tectonic (i.e. non vol-
canic) on the basis of their relationship to volcanic activity.
In order to avoid subjectivity in the forecast procedure, an
automatic program has been developed to generate forecasts,
validated by Bayes theorem. A parameter called “forecast
gain” measures (and for the ﬁrst time quantitatively) what
is gained in probabilistic terms by applying the (automatic)
failure forecast method. The clear correlation between the
obtained forecasts and the occurrence of (Volcano-)Tectonic
seismic events – a clear indication of a relationship between
the continuous seismic noise and the discrete seismic events
– is the explanation for the high value of this “forecast gain”
in both 2004 and 2005 and an indication that the events are
Volcano-Tectonic rather than purely Tectonic.
1 Introduction
Tenerife is the largest island of the Canarian Archipelago
(Fig. 1). Eruptions of mantle derived basaltic magmas cov-
ering the period between 12 and 3.3Ma (Ancochea et al.,
Correspondence to: M. T´ arraga
(martat@mncn.csic.es)
1990) generated a large composite subaerial shield structure.
Contemporaneous with the last episodes of that main basaltic
volcanism period eruptions of more differentiated magmas
started at the centre of the island forming a central compos-
ite volcanic complex, named the Las Ca˜ nadas ediﬁce (Ara˜ na,
1971). The existence of evolved phonolitic magmas suggests
that the history of this ediﬁce in the last 3.5My, can be as-
sociated with a series of shallow magma chambers (Mart´ ı
et al., 1994). The construction of the Las Ca˜ nadas ediﬁce
was truncated by the formation of the Las Ca˜ nadas caldera,
which is currently attributed to a series of vertical collapses
(Ara˜ na, 1971; Mart´ ı and Gudmunsson, 2000) that originated
a roughly elliptical depression of 16km×9km (see Fig. 1).
Its base lies at about 2000m a.m.s.l. and is closed off by a
huge wall, visible for 27km along the SW, S-SE and NE sec-
tors (Mart´ ı et al., 1994).
A double stratovolcano has formed on the northern border
of the Caldera over the last 0.18Ma: the Teide-Pico Viejo
system, characterized by a complete basaltic to phonolitic
series mostly erupted as lava ﬂows and domes also including
some explosive events (Ablay et al., 1995; Ablay and Mart´ ı,
2000). The two summits are separated by 2.5km, the high-
est altitude (3718m) corresponding to the youngest summit
of Teide, an approximately circular cone with a basal diam-
eter of about 5km. Pico Viejo products occupy the west-
ern part of the Las Ca˜ nadas caldera, while Teide basaltic
and phonolitic products are found in the central and northern
part of the caldera, covering its northern slopes and inﬁlling
the adjacent Icod and La Orotava valleys to the North. The
subplinian eruption of Monta˜ na Blanca (Ablay et al., 1995;
Ablay and Mart´ ı, 2000), about 2000 years b.p., is one of the
latest phonolitic events on the southern Teide ﬂank. Several
minor eruptions involving basaltic magma have occurred in
historical times, the last one in 1909 in Chinyero, near Pico
Viejo along the NW-SE ridge, one of the two active rift zones
that still control basaltic volcanism on the island (Fig. 1).
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Figure 1. Map of Tenerife island. The black triangles show the location of the seismic 
stations (1-TNQ, 2-BDG, 3-GLR). The black dots represent the Teide-Pico Viejo 
volcanic complex, surrounded by the caldera rim (black line). The grey points show the 
seismic event as located by the Instituto Geográfico Nacional, Spain. The circle 
represents the boundary (radius = 25 km) along which seismic events “inside” and 
“outside” the islands are separated to build independent statistics. 
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Fig. 1. Map of Tenerife island. The black triangles show the location of the seismic stations (1-TNQ, 2-BDG, 3-GLR). The black dots
represent the Teide-Pico Viejo volcanic complex, surrounded by the caldera rim (black line). The grey points show the seismic event as
located by the Instituto Geogr´ aﬁco Nacional, Spain. The circle represents the boundary (radius = 25km) along which seismic events “inside”
and “outside” the islands are separated to build independent statistics.
A future eruption on Tenerife can be potentially hazardous
due to the proximity of populated areas such as the Oro-
tava and Icod Valleys, not protected by a sufﬁciently high
caldera wall. An extensive study (Ara˜ na et al., 2000) gener-
ated a qualitative hazard map of Tenerife where most proba-
ble source areas have been deﬁned to model lava ﬂows paths
and ash fall thicknesses. The area with the maximum hazard
for both lava and ash covers the inside and surroundings of
the Las Ca˜ nadas Caldera. The second zone in terms of haz-
ard comprises both the northern ﬂank of the Central Ediﬁce
and the northern and most of the southern slopes of the NW-
SE ridge. The third zone includes the slopes of the southern
part of the NE-SW ridge and the great valleys of G¨ uimar and
Orotava (Ara˜ na et al., 2000).
A series of seismic surveys were conducted in the caldera
in the last few years. Mezcua et al. (1992) deﬁned the re-
gional seismicity as moderate, with earthquake magnitudes
not exceeding 5.0 and source locations usually offshore to-
wards Gran Canaria. Del Pezzo et al. (1997) analyzed the
coda of local earthquakes using two seismic arrays in the
eastern part of Las Ca˜ nadas, demonstrating the presence of
a highly heterogeneous shallow structure producing strong
scattering of the seismic waves. The use of seismic antennas
allowed Almendros et al. (2000) to ﬁnd the existence of a
moderate tectonic seismicity, local (S-P time between 3 and
5s) and very local (S-P time less than 3s), with three fam-
ilies of source locations, i.e. below Teide-Pico Viejo, in the
eastern border of the caldera, and offshore. At the same time
a lack of any sign of volcanic tremor was highlighted. A
strong presence of the oceanic microseismic noise was also
highlighted, with main frequencies below 1Hz, making the
authors suggest that a weak volcanic tremor would be difﬁ-
cult to detect due to the low signal-to-noise ratio (Almendros
et al., 2000).
An extensive and dense microtremor measurements sur-
vey was conducted in the Las Ca˜ nadas caldera in 2000 and
2001 (Almendros et al., 2004). A strong peak at 1Hz was
again interpreted as related to the oceanic noise, while the
other most important frequencies in the range 1–10Hz were
spatially mapped with the Nakamura technique (Nakamura,
1989) in order to detect resonances of subsurface transients,
highlighting a noteworthy spatial variability, which can be
explained by both S-wave velocity and thickness changes
due to the complex superpositions of Teide and PicoViejo
deposits in the caldera.
From the seismic point of view, a change was observed
ﬁrst in 2003 and more evidently in 2004, when the spanish
national agency Instituto Geogr´ aﬁco Nacional (IGN) started
recording, besides the “usual” seismic activity, mainly con-
centrated in the sea channel between the islands of Tenerife
and Gran Canaria, an increasing number of seismic events
located within the island of Tenerife (see Fig. 1) (IGN,
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Servidor de Geodesia y Geof´ ısica, http://www.geo.ign.es/,
2005; Garc´ ıa et al., 2006). In order to understand the rea-
son for this increment of seismicity, a research project was
funded by the Spanish Ministry of Education and Science:
TEGETEIDE – T´ ecnicas geof´ ısicas y geod´ esicas para el es-
tudio de la zona volc´ anica activa Teide-Pico Viejo, Tenerife,
contract CGL2004-21643-E, coordinated by one of the au-
thors, A. Garc´ ıa. In this paper we will investigate the time
evolution of parameters computed on the seismic noise con-
tinuously recorded on the island and relate it to the occur-
rence of tectonic events, in order to characterize them as
purely tectonic or related to the volcanic activity.
2 Instrumentation and data
We installed 3 short period seismic stations on the island of
Tenerife (BDG – 3 components, TNQ and GLR – 1 com-
ponent: see Fig. 1). The acquisition system hardware and
software, developed at the Departamento de Volcanolog´ ıa,
CSIC, Madrid (Ortiz et al., 2001) is currently operating at
other volcanoes including Timanfaya (Lanzarote, Canary Is-
lands, Spain), SeteCidades(Azores, Portugal), Villarricaand
Llaima (Chile) and Stromboli (Italy) (Carniel et al., 2006).
The system features an A/D converter based on the AD7710
of Analog Devices with sigma-delta technology with 24 bits
resolution, Trimble Lassen II GPS time synchronization and
serial connection to a laptop PC, which stores the data and
handles, whereavailable, anADSLinternetconnection. Data
are stored with 16 bits (96dB) at a sampling frequency of
50Hz. Data analysed here were recorded between 1 June
2004 and 30 June 2005.
3 Data analysis
We ﬁrst analysed the time evolution of the seismic intensity
and spectral content by subdividing the raw seismic data in
windows of 120s (i.e. 6000 sample points at 50Hz), with a
50%overlapsothattwosuccessivewindowsareseparatedby
1min (Carniel and Di Cecca, 1999). Although more or less
evident at the different locations, a clear 24h modulation is
observed which can be in great part attributed (in particular
at the stations closer to the village of Icod) to anthropogenic
effects, although meteorology and tides can also play a role.
Another interesting observation is the appearance of low
frequency seismic noise episodes that show one or more pre-
dominant frequency peaks. The appearance of such episodes
supports the hypothesis of a volcanic origin to explain at least
part of the energy observed as continuous seismic noise.
The inﬂuence of regional – i.e. non-volcanic – tectonic
events on the volcanic activity has been observed at some
volcanoes (e.g. Ambrym, see Carniel et al., 2003) but it is not
evident at other volcanoes (e.g. Stromboli, see Falsaperla et
al., 2003). In this paper we aim to investigate the interactions
between the tectonic events and the “volcanic tremor” in the
opposite way, i.e. can the time evolution of parameters com-
puted on the seismic noise (including volcanic tremor) be
used to forecast the occurrence of (volcano-)tectonic events?
We start to tackle this question by introducing the mate-
rial Failure Forecast Method. The material Failure Forecast
Method (FFM) was proposed after the Mt. St. Helens erup-
tion, by Voight (1988, 1989), Voight and Cornelius (1991)
and Cornelius and Voight (1995) based on the hypothesis that
the growth of magma paths is driven by rock failure in the
ediﬁce induced by overpressure in the magma chamber. Al-
though this hypothesis is not always supported by the statis-
tics (Chastin and Main, 2003), recent examples of successful
applications to explosive activity include the volcanoes Col-
ima (De la Cruz-Reyna and Reyes-D´ avila, 2001) and Villar-
rica (Ortiz et al., 2003). Although an example exists where
the method has been applied to the hindcast of a paroxysmal
phase at Stromboli volcano (Carniel et al., 2006), no pub-
lished examples of successful application of the method to
the forecast of the onset of basaltic effusive eruptions are
known to the authors. At Tenerife, the successful applica-
tion of the FFM methodology (that usually doesn’t work in
the case of effusive eruptions) may therefore provide indirect
evidence against the hypothesis of a quiet basaltic eruption
as the evolution of the ongoing crisis.
The idea is to study the acceleration of the growth of an
observable by monitoring its inverse, in order to forecast
more easily (with the intersection with the zero axis rather
than with the approximation of a “sufﬁciently high value”)
the occurrence of an event. In our case the observable is
the RSEM (Real-time Seismic Energy Measurement). The
formulation we use is similar to the original RSAM (Real-
time Seismic Amplitude Measurement) proposed by Endo
and Murray, 1991, where the squared intensity is used in-
steadofthesimplemodulus. Wealsouseaderivedparameter
called SSEM, analogous to the SSAM (Rogers and Stephens,
1995), where also the contribution of the different frequency
bands is taken into account. In other words, RSEM mea-
sures the total seismic energy recorded by a seismometer,
while SSEM only weights the energy irradiated in “useful”
frequency band(s), in order to exclude from the count those
frequencies that are most probably associated with other phe-
nomena, like anthropogenic or meteorological noise. In our
case we examine both the RSEM computed over the raw
data, and the SSEM computed over a band-pass ﬁltered sig-
nal (Finite Impulse Response FIR, center frequency 1.2Hz,
attenuation −80dB at 0.5 and 2Hz). The window length we
use in this case is 10min. The ﬁlter is designed from the
spectrogram in order to optimize the stability of 1/RSEM or
1/SSEM on one side and its sensitivity to changing volcanic
activity on the other.
In Fig. 2 we show an example, where the dashed vertical
line marks a seismic swarm including a M=2.3 event (as es-
timated by IGN, Instituto Geogr´ aﬁco Nacional) on the 3 Au-
gust 2004, 05:23:19 h. In this case many descending trends
of the band-pass ﬁltered 1/SSEM can be ﬁtted in order to
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Figure 2. Example of application of the material Failure Forecast Method to the forecast 
of the seismic swarms of 27 July, 30 - 31 July and 3 August. The 1/SSEM is computed 
over a band-pass filtered signal (Finite Impulse Response FIR, center frequency 1.2 Hz, 
attenuation -80dB at 0.5 and 2 Hz). Several fits are presented; note that for the 3 August 
swarm (dashed vertical line) the fits give in general better forecasts as the time of the 
event is approached. Grey dots indicate tectonic events, with vertical height related to 
the magnitude as estimated by Instituto Geográfico Nacional (scale on the right). For 
descending trends for which the intersection of the line with the zero axis (i.e. the 
forecasted time) goes beyond 4 August (limit of the horizontal time axis) the line is not 
drawn. 
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Fig. 2. Example of application of the material Failure Forecast Method to the forecast of the seismic swarms of 27 July, 30–31 July and
3 August. The 1/SSEM is computed over a band-pass ﬁltered signal (Finite Impulse Response FIR, center frequency 1.2Hz, attenuation
−80dB at 0.5 and 2Hz). Several ﬁts are presented; note that for the 3 August swarm (dashed vertical line) the ﬁts give in general better
forecasts as the time of the event is approached. Grey dots indicate tectonic events, with vertical height related to the magnitude as estimated
by Instituto Geogr´ aﬁco Nacional (scale on the right). For descending trends for which the intersection of the line with the zero axis (i.e. the
forecasted time) goes beyond 4 August (limit of the horizontal time axis) the line is not drawn.
ﬁnd a forecast with the intersection with the zero axis, giv-
ing better and better forecasts as we get closer to the time of
occurrence of the events.
Many other examples are observed where the 1/SSEM can
be used to forecast the time of occurence of events or events
swarms, suggesting that, notwithstanding the presence of a
signiﬁcant anthropogenic and sea microseism contribution to
the recorded seismic noise, this still contains a sufﬁciently
high component that can be attributed to a volcanic origin.
However, as can be clearly seen in Fig. 2 observing the
lines ﬁtted to the data during the last days of July 2004, there
is a considerable amount of subjectivity in the choice of the
parameters involved in the generation of each FFM forecast.
As a result efforts were made to develop an automated al-
gorithm to produce and evaluate these forecasts. In the next
section we will introduce this automatic procedure and then
statistically compare the forecast produced with the occur-
rence of tectonic events. A forecast is declared successful if
the time difference between the forecasted and real event is
less than 24h. Of course this is somehow an arbitrary choice,
out of a compromise between unavoidable uncertainties in
the forecast time (suggesting a longer window of “alert”) and
usefulness of the forecast (suggesting a shorter window of
“alert”).
4 Automatization of the FFM
Being evident a rather strong 24h cyclic component, we
applied a Seasonal-Trend decomposition of time series based
on Loess (Cleveland et al., 1990), an iterative procedure
that allows to separate the original signal (in this case the
SSEM) into a seasonal component, a trend component and
a remainder component (Fig. 3). Maxima in the trend part
of the decomposed 1/SSEM time series are sought and the
following decreasing part is used to ﬁt a decreasing linear
trend and determine, by the crossing with the zero axis,
the forecast times. Although a high number of potential
forecasts are generated, only few of them are accepted,
i.e. the ones that fulﬁll speciﬁc requirements: a minimum
number of data points in the decreasing section, a minimum
quality of the ﬁt in the least square sense, a maximum
time difference between the maximum that initiates the
decrease and the zero crossing that ends it (or, equivalently,
a minimum decreasing slope). The choice of which forecasts
to accept is completely automatic, without any human
intervention. Of course parameters values in the criteria
above can be used to ﬁne tune the performances. The
ﬁrst problem to be solved is how to decide when to start a
decreasing ﬁt. The most natural choice was to start ﬁtting
a decrease at a maximum. After studying and comparing
different situations, we highlighted two different methods to
carry out the choice of such a maximum. Please note that
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Figure 3 .Example of application of the Loess seasonal decomposition to the time 
evolution of the inverse of the SSEM for the period June – December 2004. The 
original signal (at the top) is decomposed into a seasonal, a trend and a remainder 
components. Note the different vertical scales, also indicated by the grey rectangles on 
the right. Only the trend component is used in the following FFM analysis. 
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Fig. 3. Example of application of the Loess seasonal decomposition to the time evolution of the inverse of the SSEM for the period June–
December 2004. The original signal (at the top) is decomposed into a seasonal, a trend and a remainder components. Note the different
vertical scales, also indicated by the grey rectangles on the right. Only the trend component is used in the following FFM analysis.
not all ﬁts generated at this stage will make it to the ﬁnal
stage, as they have to fulﬁl further conditions later on.
[Max A] choose any local relative maximum, i.e. choose
any point which value is greater than the value immediately
before in time and greater than the value immediately after.
[Max B] choose a maximum in a 6h long time win-
dow. This is of course a much more stringent condition,
that strongly affects the number of ﬁts generated but may of
course increase their average forecasting potential.
In Fig. 4 an example can be seen of how an automatic
ﬁt is generated. For both cases presented above (Max A
and Max B), more requirements are imposed in order to
further generate or accept a forecast. In every descending
trend following the maximum, a minimum number of 144
data points have to be used, corresponding to a duration of
24h. This, together with the seasonal decomposition already
cited, aims to avoid the generation of forecasts based on a
descent that maybe ascribed to anthropogenic origins. This
minimum duration is indicated by the letter D in Fig. 4.
In order to guarantee that the descending trend is “really
descending” a minimal quality of the linear ﬁt is required in
a least square sense, rejecting any ﬁt with a quality less than
0.8.
After having generated (and perhaps accepted on the base
of the least squares quality) the ﬁrst ﬁt using the minimum
number of data points, other ﬁts are successively generated
starting from the same maximum. This is done by adding 50
data points at each step. Referring to Fig. 4, this corresponds
to enlarging the duration of the period D by 8.33h each time.
In an analogous way to the required minimum of 144 points,
a maximum is also imposed on this number of data points,
equal to 576, which corresponds to 4 days. This limit is im-
posed to stop the generation of forecasts from a given max-
imum in the statistical hind-cast exercise conducted in this
paper, but could be removed when applying the methodol-
ogy in the real-time analysis of seismic data. There is a ﬁnal
condition to be satisﬁed in order to accept the forecast before
comparing it to the occurrence of a seismic event, i.e. that
the time difference between the moment when the forecast is
issued and the time of the forecasted time for the event must
be more than 10h. This has a double reason: the ﬁrst is to
ensure that the forecast is not issued immediately before the
event (which would be of doubtful use), the second is that
a shorter timescale would not be coherent with the choice
of evaluating a forecast as “successful” if it falls within 24h
from a seismic event.
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Figure 4. Example of a successful automatic forecast. The black dots represent the 
seismic events (with their magnitudes as computed by IGN). The vertical dashed lines 
represent automatically detected maxima according to rule Max_B (each is a local 
maximum with respect to a time window of 6 hours) that generate an accepted forecast 
according to the criteria described in the text. D is the minimum number of data points – 
144 - required to generate the first fit, corresponding to a time window of 1 day, which 
will be expanded, adding 50 points at a time, until a maximum number of data points of 
576 (corresponding to 4 days). F represents the time difference between the generation 
of the forecast and the time of the forecast itself. In this case the forecast was issued 3.8 
days in advance, close to the maximum allowed number of data points, which 
corresponds to 4 days. 
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Fig. 4. Example of a successful automatic forecast. The black dots represent the seismic events (with their magnitudes as computed by IGN).
The vertical dashed lines represent automatically detected maxima according to rule Max B (each is a local maximum with respect to a time
window of 6h) that generate an accepted forecast according to the criteria described in the text. D is the minimum number of data points –
144 – required to generate the ﬁrst ﬁt, corresponding to a time window of 1 day, that will be expanded, adding 50 points at a time, until a
maximum number of data points of 576 (corresponding to 4 days). F represents the time difference between the generation of the forecast
and the time of the forecast itself. In this case the forecast was issued 3.8 days in advance, close to the maximum allowed number of data
points, which corresponds to 4 days.
5 Results
If we consider only the days with a seismic event, in the
year 2004 the 60.24% (in the case max A) and 56.63% (case
max B) of them is correctly forecasted. However, this appar-
ently promising result must be evaluated very carefully. It is
infactveryeasytoreacha100%percentageofsuccessbyre-
moving any one of the conditions on the ﬁts imposed above.
This however would increase unacceptably the number of the
false alarms; it is sufﬁcient to consider the extreme limit of
declaring a forecast every single day: 100% forecast success
but a number of false alarms that would convert the forecast
into something completely useless. We therefore compute
a more complete statistics, involving all days (214 days in
2004 and 181 in 2005) of seismic data acquisition at BDG,
showing the distribution of all the 4 combinations of “oc-
currence of at least a seismic event” (EVENT YES/ EVENT
NO) and “issue of at least a forecast” (FORECAST YES/
FORECAST NO). This is done for the two cases max A and
max B and evaluated for different periods of time, in order
to evaluate if a signiﬁcantly different behaviour can be ob-
served in 2004 and 2005 and/or analyzing the period with the
highest level of seismic activity (Period “E” of 2004). The
two months of June 2004 and June 2005 are also compared,
where the best meteorological conditions can be assumed.
All of these results are presented in Table 1.
The ﬁrst two columns of Table 1 evaluate the percentage
of days with seismic activity that we can successfully fore-
cast. The comparison of the full period June–December 2004
(60.24% of forecasted events, as already noted above) with
the period of maximum activity “E”, between 25 July and 7
September 2004 (75.86% of forecasted events) immediately
highlights another problem of this kind of statistics. The ap-
parently better result achieved during the period “E” is in fact
an artefact of the statistics: even if we tossed a coin to issue
a forecast, when we have more events (period E), the prob-
ability of forecasting an event naturally increases. On the
contrary, the apparently worse results related to case Max B
respect to the case Max A have to be evaluated also by the
comparison with the number of false alarms. This can only
be done by looking at the last 4 columns with a Bayesian
approach.
From a feasibility of application point of view, we see
in Table 1 the number of false alarms as the major prob-
lem (20.56% in the worst case, relative to the period June–
December 2004). In order to properly weight the (negative)
importance of this problem with respect to the (positive) ad-
vantages of issuing such forecasts, let’s examine if the added
evidence of having an issued forecast changes effectively the
probability of having the occurrence of a seismic event. To
do this, we use Bayes’ formula:
P(H|E) = P(H)
P(E|H)
P(E)
(1)
Nat. Hazards Earth Syst. Sci., 6, 365–376, 2006 www.nat-hazards-earth-syst-sci.net/6/365/2006/M. T´ arraga et al.: On the predictability of volcano-tectonic events at Teide 371
Table 1. Evaluation statistics for the application of the fully automatic version of the material Failure Forecast Method. Column PERIOD
indicate different time windows over which the statistics are evaluated. Column CASE Max indicate the criterion with which a maximum
is chosen to start the forecast generation (see text for further details).
Columns “% Forec” and “% Not Forec” under the headline “Total days with events” show the percentage of Forecasted and Not Forecasted
days out of the total number of days with at least a seismic event. The other 4 columns represent the percentages of the 4 combinations of
the “occurrence of at least a seismic event” (EVENT YES/ EVENT NO) and “issue of at least a forecast” (FORECAST YES/ FORECAST
NO):
% FORECASTED EVENTS = EVENT YES & FORECAST YES (Success)
% FORECASTED “NO EVENTS” = EVENT NO & FORECAST NO (Success)
% FALSE ALARMS = EVENT NO & FORECAST YES (Fail)
% NOT FORECASTED EVENTS = EVENT YES & FORECAST NO (Fail).
Period
Case Total days with events
% % FORECASTED % FALSE
% NOT
Max % FOREC % NOT FORECASTED
FOREC FORECAST.EVENTS “NO EVENTS” ALARMS EVENTS
June–Dec 2004 A 60.24 39.76 23.36 40.65 20.56 15.42
June 2004 A 36.36 63.64 13.33 60.00 3.33 23.33
E (days 206–250 2004) A 75.86 24.14 48.89 28.89 6.67 15.56
Jan–June 2005 A 46.67 53.33 15.47 44.20 22.65 17.68
June 2005 A 30.77 69.23 13.33 46.67 10.00 30.00
June–Dec 2004 B 56.63 43.37 21.96 45.33 15.89 16.82
June 2004 B 36.36 63.64 13.33 60.00 3.33 23.33
E(days 206–250 2004) B 58.62 41.38 37.78 26.67 8.89 26.67
Jan–June 2005 B 43.33 56.67 49.72 14.36 17.13 18.78
June 2005 B 46.15 53.85 53.33 20.00 3.33 23.33
To illustrate the idea, suppose we have two boxes full of
balls. Box 1 contains 10 black balls and 30 white balls,
while Box 2 has 20 of each. We select a box at random,
then a ball at random. The result (Datum, or Evidence E)
is “white ball”. What is the probability that it came out
of Box 1 (Model, or Hypothesis H)? P(H) is clearly 1/2, as
the boxes are equal. P(E) is 50/80 (total white balls / to-
tal balls). P(E|H) is 30/40 (white balls in Box 1/total balls
in Box 1). Applying the Eq. (1) the answer turns out to
be P(H|E)=(1/2)×(30/40)/(50/80)=3/5, which conﬁrms and
quantiﬁes the intuition that seeing a white ball gives more
conﬁdence to the model “Box 1” which contains a greater
number of white balls.
Going back to our case, our Hypothesis H is deﬁned as a
“day with a seismic event” and the Evidence E is deﬁned as
a “day with issued forecast”. Our prior probability P(H) can
be estimated by dividing the number of days with an event
by the total number of days. In the same way we can es-
timate a probability P(E) of having a forecast issued and a
conditioned probability P(E|H), so that we arrive to a poste-
rior probability P(H|E) of having a seismic event given that
we have issued a forecast. Of course with the application of
the forecast procedure we “gain something” if and only if the
posterior probability P(H|E) that we have on a “forecasted
day” is greater than the prior probability P(H) we can have on
“any”day. Inotherwords, areasonableandfairwaytoevalu-
ateourforecastprocedureistolookattheratiobetweenthese
two numbers, i.e. to the quantity P(H|E)/P(H)=P(E|H)/P(E),
which we will call forecast gain, and which should be as
great as possible, and in any case greater than 1 if we want to
“gain something” by issuing the forecast. The results of this
Bayesian analysis can be seen in Table 2 for the case Max A
and for the case Max B.
If we consider the forecast gain as the evaluation param-
eter, we see that for both complete years 2004 and 2005 the
best results are obtained by applying the case Max B for the
choice of the maximum to start the ﬁt(s). The main reason is
that choosing the maximum within time windows of 6h in-
stead of looking at really “local” time variations reduces the
number of false alarms and therefore leads to a better appli-
cability of the whole forecast method.
It is very interesting to examine the cases of June 2004
and June 2005. In Table 1 we see that the percentage of
forecasted events is much less than the percentage of non-
forecasted events. As already discussed, this apparently very
bad performance has to be weighted also taking into account
the number of false alarms, that in this case is in fact very
low, i.e. very good. The ﬁnal result is that we pass, e.g. for
June 2004 – cases Max A and Max B give in this month the
same results – from a prior probability of 0.37 to a posterior
probability of 0.80, with a net “forecast gain” factor of 2.18,
the highest ever. Also the case Max B for June 2005 gives an
impressive forecast gain of 1.98, going from a prior probabil-
ity of 0.43 to a posterior probability of 0.85. So, for these two
months we can say that, although we issue very few forecasts
– and therefore we do not forecast many events – when we
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respect to a time window of 6 hours). Among these, the continuous lines indicate the 
maxima that successfully forecast a day with an event. The grey dots indicate the 
seismic events (with their magnitudes as computed by IGN, scale on the right) that are 
located inside the island, while black dots indicate events located outside the island. The 
criterion of separation is the 25 km circle shown in Fig. 1. In the top part of the graphs, 
crosses indicate successfully forecasted events: again, grey crosses indicate inside 
events, while black crosses indicate outside events. 
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Fig. 5. Trend of the inverse of the SSEM during the time interval with the maximum seismic activity (E: 25 July–7 September 2004). The
vertical lines indicate the maxima from which ﬁts are generated according to rule Max B (each is a local maximum with respect to a time
window of 6h). Among these, the continuous lines indicate the maxima that successfully forecast a day with an event. The grey dots indicate
the seismic events (with their magnitudes as computed by IGN, scale on the right) that are located inside the island, while black dots indicate
events located outside the island. The criterion of separation is the 25km circle shown in Fig. 1. In the top part of the graphs, crosses indicate
successfully forecasted events: again, grey crosses indicate inside events, while black crosses indicate outside events.
do issue a forecast we have a very high probability of being
successful and a very low probability of incurring into a false
alarm.
On the contrary, if we now look at the interval with the
maximum seismic activity “E”, in both cases Max A and
Max B the forecast gain is relatively low (1.36 and 1.26).
This means that, being the level of activity very high and
therefore having a good probability of issuing a successful
forecast even by tossing a coin – as there are events almost
every day – we do not gain much by carrying out a formal
forecast procedure. However, even in this “relatively bad”
case, it is important to stress the fact that we still “gain some-
thing”, as the forecast gain is still greater than 1. By issuing
the forecast we increase the probability of being successful
(already high) by a further 36 or 26% respectively.
We now take into account another parameter, i.e. the loca-
tion of the forecasted events. We can make a ﬁrst subdivision
between events located inside and outside the island. The
events belonging to the ﬁrst class, using a classical deﬁni-
tion where volcanic earthquakes are simply deﬁned as earth-
quakes which occur at or near volcanoes (McNutt, 1996),
would be immediately classiﬁed as Volcano-Tectonic (VT)
events. The events of the second class, on the contrary may
or may not be considered “near” volcanoes and can there-
forecalledVolcano-TectonicorsimplyTectonic(i.e.nonvol-
canic) as a result. As a practical and objective way of distin-
guishing the two classes, we consider as “internal” events the
ones that are located within a circle centred in the centre of
the caldera and with a radius of 25km (see Fig. 1), while we
consider as “external” events the ones located outside this
circle but inside another circle, with the same centre and a
radius of 75km. Again, these are arbitrary, but reasonable
choices related to the geometry of the island (see Fig. 1).
Seismic events located outside this second circle do not enter
our statistics at all. In Fig. 5 the period of highest activity “E”
is shown as an example where the successful forecasts of the
two classes of events can be compared, while the complete
statistical results are presented in Table 3. It is important to
underline that, although the automatic procedure for generat-
ing the forecasts is exactly the same as described above, the
statistics presented here (i.e. the evaluation of the generated
forecasts) are made on the basis of the single seismic events
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Table 2. Bayesian statistical evaluation of the application of the fully automatic version of the material Failure Forecast Method. Column
PERIOD indicate different time windows over which the statistics are evaluated. Column CASE Max indicate the criterion with which a
maximum is chosen to start the forecast generation (see text for further details).The following columns represent the different probabilities
involved in the Bayesian evaluation: P(H) is the a priori probability of the occurrence of a seismic event (our hypothesis H); P(E) is the
probability of issuing a forecast (our evidence E); P(E|H) is the a posteriori probability of issuing a forecast, conditioned to the occurrence of
a seismic event; P(H|E) is the a posteriori probability of the occurrence of a seismic event, conditioned to the existence of an issued forecast;
P(E|H)/P(E) is the “forecast gain”, i.e. what we gain passing from the a priori probability P(E) to the a posteriori probability P(E|H) thanks
to the application of the FFM forecast and the consequent issuing of a forecast H.
Period CASE Max P(H) P(E ) P(E|H) P(H|E) P(E|H)/P(E)
June–Dec 2004 A 0.39 0.44 0.60 0.53 1.37
June 2004 A 0.37 0.17 0.36 0.80 2.18
E (days 206–250 2004) A 0.64 0.56 0.76 0.88 1.36
Jan–June 2005 A 0.33 0.38 0.47 0.41 1.22
June 2005 A 0.43 0.23 0.31 0.57 1.32
June–Dec 2004 B 0.39 0.39 0.57 0.58 1.50
June 2004 B 0.37 0.17 0.36 0.80 2.18
E (days 206–250 2004) B 0.64 0.47 0.59 0.80 1.26
Jan–June 2005 B 0.33 0.31 0.43 0.45 1.38
June 2005 B 0.43 0.23 0.46 0.85 1.98
Table 3. Statistical evaluation of the application of the fully automatic version of the material Failure Forecast Method as a function of the
location of the forecasted event according to the 25km circle shown in Fig. 1. Column PERIOD indicate different time windows over which
the statistics are evaluated. Column CASE Max indicate the criterion with which a maximum is chosen to start the forecast generation (see
text for further details). The ﬁrst two columns of data (under the heading FORECASTED EVENTS) show the repartition of the forecasted
events between the two percentages % INSIDE ISLAND and % OUTSIDE ISLAND. The following four columns, under the headings
INSIDE EVENTS and OUTSIDE EVENTS, present respectively the percentage of successful (% FOREC.) and non successful (% NOT
FOREC.) forecasts of each of the two geographically separated classes. Note that this statistics is built from the single events, not from the
days with events, so that none of these columns are directly comparable with data contained in Table 1 or Table 2.
Period CASE Max
FORECASTED EVENTS INSIDE EVENTS OUTSIDE EVENTS
% INSIDE % OUTSIDE % % NOT % FOREC. % NOT
ISLAND ISLAND FOREC. FOREC. FOREC.
June–Dec 2004 A 75.00 25.00 61.54 38.46 61.54 38.46
June 2004 A 58.33 41.67 50.00 50.00 50.00 50.00
E (days 206–250 2004) A 92.45 7.54 73.13 26.86 80.00 20.00
Jan–June 2005 A 47.22 52.78 45.95 54.05 41.30 58.70
June 2005 A 42.86 57.14 42.86 57.14 30.77 69.23
June–Dec 2004 B 72.15 27.85 48.72 51.28 56.41 43.59
June 2004 B 61.54 38.46 57.14 42.86 50.00 50.00
E (days 206–250 2004) B 90.00 10.00 52.94 47.06 66.67 33.33
Jan–June 2005 B 52.94 47.06 48.65 51.35 34.78 65.22
June 2005 B 50.00 50.00 71.43 28.57 38.46 61.54
and not cumulated over the days, as we could have both in-
side and outside events during the same day. For this reason,
the numbers in Table 3 are not directly comparable to the
ones presented in Table 1.
During the entire period June–December 2004, out of the
total number of forecasted events with e.g. Max A methodol-
ogy, 75% are located inside the 25 km radius boundary, 25%
outside it. However, this is just a consequence of the rela-
tive distribution of the total number of events, that in 2004
have been concentrating in the inside zone. The numbers for
2005 appear in fact more equally distributed between the two
zones.
In order to have a more meaningful statistics, we need
therefore to examine the two families of events separately, to
derive percentages of successful forecasts that become inde-
pendent of the relative distribution between the two families.
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This is done in the last 4 columns of Table 3. The result
of this analysis is very clear: although percentages change
slightly between the different periods, the percentages of
forecasted events within the “inside events class” and within
the “outside events class” are strikingly similar. The only
difference appears in the period June 2005, especially in the
case Max B, but this may be not necessarily be signiﬁcant.
The general result is therefore that the percentages for the
two classes “inside” and “outside” the caldera do not differ
substantially, i.e. the occurrence of both classes of events can
be forecasted using the seismic noise and are therefore re-
lated to it, and to one another. The inter-relation between the
time of occurrence of the two classes of events represents an-
other interesting subject of research and is being investigated
(Marrero et al., 2005).
6 Discussion and conclusions
The analysis of seismic signals recorded at 3 different sta-
tions (BDG, TNQ, GLR) during the period 1 June 2004–30
June 2005 highlighted the presence of a continuous seismic
noise. In agreement with what was previously observed by
Almendros et al., 2000, a strong presence of the oceanic mi-
croseismic noise was observed, with main frequencies below
1Hz. It’s important to note that no volcanic tremor was ob-
served by Almendros et al., 2000, who also suggested that
a weak volcanic tremor would be difﬁcult to detect due to
the low signal-to-noise ratio. In our case, the situation is
even more difﬁcult as, being our stations closer to inhab-
itated areas with respect to the ones used in the previous
study, the anthropogenic contribution is deﬁnitely not neg-
ligible. Notwithstanding this, we observe that the time of
occurrence of some tectonic events can be forecasted by us-
ing a parameter (the band-passed version of the inverse of the
RSEM, i.e. 1/SSEM) computed from the seismic noise by us-
ing the material Failure Forecast Method. For this reason, it
is fully justiﬁed to call this seismic noise “tremor”. Of course
an important question is: When did this tremor begin? Ac-
cording to published data, its appearance is to be postulated
between 2001 and early 2004. Preliminary analysis of other
seismic array data recorded in the caldera can date back the
start of the tremor to 2002 (J. Ib´ a˜ nez, 2004, personal com-
munication).
An easy criticism of the FFM is related to its subjectivity.
For this work, a fundamental step was the development of a
fully automatic program that allowed us to eliminate com-
pletely the subjectivity of application. This has allowed to
carry out a proper statistical analysis, and to evaluate the re-
sults in a Bayesian sense. In particular, the parameter “fore-
cast gain” was introduced as the ﬁnal evaluator. A forecast
gain greater than 1 simply means that we do gain something
by applying the forecast procedure, i.e. that in the days where
a forecast is issued we do have a greater probability of hav-
ing the occurrence of a seismic (volcano-)tectonic event than
what we would obtain in any day, by simply applying the
prior statistics on the number of days with events. It is note-
worthy that in all of the periods examined in this paper, we
always observe a forecast gain greater than 1. Several at-
tempts have been carried out in order to optimize the forecast
gain, e.g. by changing the rules according to which a maxi-
mum in the inverse of the SSEM is chosen as a generator for
a (series of) decreasing lines and ﬁnally a (series of) fore-
casts. The best results have been obtained using the method
Max B, which chooses this maximum in time windows of
6h. In particular, this choice produces a signiﬁcant decrease
of the number of false alarms. Moreover, for what concerns
the false alarms, we may consider our results conservative,
as the catalogue of events we are using is probably not com-
plete due to the level of anthropogenic noise that affects the
daylight measurements and that may prevent the detection
of some event (thus resulting in an inexistent false alarm if
a forecast was issued for that day). We also think that an
optimal choice of the several parameters that constrain the
automatic ﬁtting procedure, that up to now have been chosen
manually – but once selected do not of course affect the full
automatization of the forecast issuing procedure – still gives
the opportunity to improve the results. Such optimal selec-
tion is currently the subject of further investigation. In partic-
ular studying the persistence (i.e. the memory) of the system
with the variogram analysis (Jaquet and Carniel, 2003) could
provide useful information in order to optimize the choice
of the length of the time windows involved in the forecast
(Carniel et al., 2006).
Another result of the statistical analysis presented in this
paper is the fact that there are no statistically signiﬁcant indi-
cations suggesting that events located inside the island can be
forecasted more easily than the ones outside, or vice versa.
The main interpretation of all the results presented here
is that the seismic noise, notwithstanding its strong an-
thropogenic contamination, contains signiﬁcant information
about the forthcoming tectonic events, i.e. it must have a sig-
niﬁcant fraction with a “volcanic” origin, where the term
“volcanic” has to be considered in a wide sense, including
both directly magmatic effects and indirect effects, as dis-
cussed below. In fact, no examples are known in a purely tec-
tonic setting, where the occurrence of purely tectonic events
canbeforecastedbyusingcontinuousseismicnoiserecorded
nearby.
Regarding the process generating this tremor, although of
course the data we have cannot yet proof this hypothesis, we
can speculate that its appearance is possibly due to the start
of a convective process in the phonolitic magma chamber of
the Teide – Pico Viejo complex, triggered by the arrival of a
basaltic magma batch. The tremor could be the direct foot-
print of this convection, or be an indirect indication, e.g. ﬁl-
tered by the interaction with the superﬁcial aquifer(s). More
geophysical data are deﬁnitely needed to verify the reliability
of this hypothesis, and a continuous monitoring is essential
in order to determine the possible evolution of the current
Nat. Hazards Earth Syst. Sci., 6, 365–376, 2006 www.nat-hazards-earth-syst-sci.net/6/365/2006/M. T´ arraga et al.: On the predictability of volcano-tectonic events at Teide 375
situation. In fact, several options are possible for the future
evolution, including the possibility that this is a temporary
disequilibrium state that would not evolve into an eruption
but rather return to a new stable state. However, it is im-
portant to stress that the comparison of statistics computed
for 2004 and 2005 data clearly indicate that there is not a
decreasing trend between 2004 and 2005, i.e. this disequi-
librium state is still observed. Regarding the determination
of the exact link (is it a cause-effect relationship? are they
two effects of the same cause?) between the tremor and the
earthquakes, link that that must exist to explain the success-
ful forecasts, further research is surely needed. An intriguing
hypothesis (S. De la Cruz-Reyna, personal communication)
suggests a bidirectional link between the two. In the plots of
1/SSEM versus time, it may be likely to trace also upwards
lines from the earthquakes to the following ascending parts
of the 1/SSEM curve, before the maxima. This could be in-
terpretedasearthquakesreleasingcrustalstrainenergy, effect
that is translated in a reduction of the local level of tremor in
the volcanic zone. Energy accumulated for the lack of tremor
release would in turn produce an increase in the tremor, pro-
ducing the maximum in the 1/SSEM curve. The descending
part would point towards the next earthquake of this cycle.
In summary, we claim that we are in presence of a single
process that both contributes to the generation of the seismic
noise and to the generation of the tectonic events – both in-
side the island and close to the island –, a process as far as
we know never previously observed in Tenerife and which
may be related to a reawakening of the Teide – Pico Viejo
volcanic system.
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